ABSTRACT: Gammas from induced fissions were measured and separated into prompt and delayed particles. To this end, a dedicated detector was realized, based on a plastic scintillator, a wavelength shifter fiber and a silicon photomultiplier (SiPM). Results are presented from the interrogation of Special Nuclear Materials (SNM), employing a pulsed neutron generator in the PUNITA graphite moderator incorporating the above detector assembly. The detector response is presented, as well as the sensitivities for prompt and delayed processes within the same experimental setup.
it seems that the contribution of delayed gammas is meaningful on a time scale from few to tens of seconds. This is partially due to the fact that precise energy spectra cannot be easily obtained in a close vicinity to a neutron source. Therefore, samples have to be transported to a separate measurement area, a procedure that takes a few seconds. This is not the case in the present work where a dedicated detector was designed to operate near the neutron source in order to sustain the high fluxes.
The measurements presented in this work cover a time scale from a few microseconds to tens of seconds. The detector used was a specially designed fast detector, with an energy response which allowed definition of energy regions correlated to the expected gamma and neutron spectra from the fission process. A similar detector concept was previously described in ref. [7] . Being made mainly from plastic, the detector is robust against radiation damage while special care was taken to minimize effects of activation in the detection system. We further quantified the sensitivity of different time windows and time scales for the SNM measurement.
The concept of the new detector, its implementation and energy response, are described in section 2. The experimental setup, which includes the PUNITA neutron source facility, is presented in section 3. Detailed descriptions of the samples, irradiation cycles, measurement procedures, and results, are given in section 4. Conclusions and future prospects are summarized in section 5.
Detector assembly
One of the most important requirements for the detector is its ability to operate near a neutron generator inside a cavity within the graphite moderator of the PUlsed Neutron Interrogation Test Assembly (PUNITA), ITU-JRC [8] . This environment places some stringent demands from the detection unit. The detector has to be fast in order to recover from the radiation burst of the neutron generator and from reactions with thermal neutrons inside the detector itself. The detector unit should be robust against radiation damage with low cross sections for activation processes. The latter, within the detection assembly, produces gammas that may interfere with those from the induced fissions. Furthermore, though the presented measurements have been carried out in a small scale experiment, field applications at the future would demand a large scale setup. Hence, the detector assembly is required to be implemented with low cost, scalable and modular technologies.
To meet these requirements, a detector was designed and manufactured in cooperation with Rotem Ind. Ltd. The detector is composed of a 10 ⇥ 10 ⇥ 1.5 cm 3 plastic scintillator (BC400 Bicron), covered with Teflon and aluminum reflectors, packed in a light-tight plastic black box. Plastic wavelength shifter (WLS) fibers are installed on both large faces of the scintillator (Kuraray Y11, double cladding, D = 1.5 mm). The fibers run in circular grooves milled on each of the two large scintillator faces. These fibers collect the light produced by the scintillator and transfer it to the readout system, while shifting the original scintillator wavelength into a region, where the light readout is more efficient. The light readout is a single 3 ⇥ 3 mm silicon photomultiplier (SiPM, SensL Ltd) with a charge preamplifier (SensL Ltd). All four terminals of the WLS fibers are directed onto the SiPM sensitive area. Optical interfaces between the different components are filled with optical grease to improve light impedance matching. Standard NIM electronics was used to record signals from the preamplifier. The detector is shown in figure 1 . Although only two fiber ends are shown in the picture from a single fiber (1B), the reported setup contains two fibers on both faces of the scintillator with four ends, coupled to the SiPM. The efficiency for charged particles was determined, using both cosmic rays and 90 Sr beta source, to be about 80%, depending on the particle entrance point into the scintillator. The energy response of the detector for gammas is given in figure 2 , where 60 Co (⇠ 1.25 MeV) and 228 Th (⇠ 2.6 MeV) have been used to define two low level thresholds (marked on the figure) for the expected fission gammas. Energy threshold I was chosen in order to accept most of fission gammas and threshold II was defined to represent only the energetic part of the spectrum. While the use of the first energy threshold of 1.25 MeV is expected to be superior from the statistics point of view, applying the higher threshold is expected to be beneficial from better background rejection from neutron activation processes and better penetration throughout the scanned cargo. All measurements were performed at room temperature without any specific stabilization or compensation.
Experiment setup
The experiment was carried out using the PUNITA facility at the ITU-JRC laboratories, Ispra, Italy. The PUNITA facility includes a graphite moderator cube, with a measurement cavity at the center [8] . A DT neutron generator (Thermo Fisher Scientific Corp.) located inside the cavity, operates in a pulsed mode with frequency of 100 Hz, with a total yield of ⇠ 10 7 n/s. The pulse width is 20 µs where after ⇠ 200 µs all neutrons are thermalized. This thermal neutron peak then decreases, along ⇠ 10 ms, following a single exponential decay time, until the next pulse arrives. The time dependence of the thermal neutron population is shown in figure 3A . The average thermal neutron flux in the cavity is ⇠ 10 4 n/cm 2 /sec.
The detector was situated ⇠ 9 cm from the neutron generator inside the measurement cavity, and ⇠ 10 cm from the measured SNM sample. The signals from the preamplifier were transferred via coaxial cables to the electronics located outside of the graphite moderator. It included an amplifier unit and a discriminator (SCA) with two threshold levels, read by a Multi Channel Scaler (MCS) card inside a PC. The MCS output data files were analyzed offline, as described below. A Multi Channel Analyzer (MCA) was used in parallel to monitor the quality of the data during measurements. The experimental setup inside the PUNITA cavity is shown in figure 3B and a typical spectra obtained by the MCA using U 3 O 8 (36% enrichment) is presented in figure 3C . The two energy threshold levels defined in figure 2 are also shown in 3C. These threshold levels were applied to the two inputs of the MCS card.
Measurements and results

Neutron irradiation and measurement cycles
Irradiation and measurement procedures were carried out at two time scales. The short one, 10 µsec to 10 ms after the generator pulse, dominated by prompt processes in accordance with the PUNITA epi-thermal and thermal neutron fluxes. The long one, starting 10 msec from the last generator pulse ending after 30 sec, is related to delayed processes. The measurement of the short time scale was done along 5 min (30,000 pulses). A Multi-Channel Scalar (MCS) received start signal from the generator 10 µsec after the generator pulse, for 9 msec until the next pulse arrived. In the longer time scale, samples were irradiated for 30 sec and measured for the next 30 sec in 5 cycles (15,000 pulses). In this case the MCS got the start signal from the last generator pulse.
Background measurements were taken according to several scenarios. In the case where we had an empty sample package, it was irradiated and measured, using the same procedures as applied to the samples. If no empty package was available, the sample with the lowest SNM weight was considered as an offset to be subtracted. In all cases, the irradiation and measurements cycles where carried out without any sample, as a verification procedure. Whenever a plutonium sample was investigated, in addition to the background estimation, it was measured inside the PUNITA cavity without operating the neutron generator (passive mode), to account for the spontaneous fission of the 240 Pu. At the data analysis stage, this procedure allowed studying the effects associated with the induced fission (active mode) only.
Samples
All samples presented here were provided by the ITU-JRC laboratory. Two main SNM isotopes were studied: 235 U and 239 Pu. The 235 U samples were in the form of U 3 O 8 powder inside aluminum cans sealed with brass coverage. The samples were mounted 9 cm from the detector face. The weights of the powder and the 235 U enrichment are given in table 1. Standards plutonium samples were encapsulated in steel discs, 50 mm diameter and 2 mm thickness. A sample for each single measurement was composed of six discs which were laid on the detector face in a "flower like" geometry; one in the middle and five equally spread around it. The total Pu weights of each of the five different configurations are listed in table 2. 
Results
As a general validation of the proposed method and experimental setup, the procedure described in a previous publication [2] , designed to measure delayed gammas, was repeated using a high purity germanium (HPGe) and the plastic-SiPM assembly presented at section 2. As was done in ref. [2] , samples of U 3 O 8 (table 1) were irradiated inside PUNITA and transferred out of the graphite cube for measurements (5 sec delay). The samples were then introduced simultaneously to the HPGe detector and the plastic-SiPM assembly. For both detectors, 228 Th was used to define a discrimination level (threshold II in figure 2 ). Figure 4 shows counts vs. 235 U enrichment, with lines to guide the eye. The inset in the figure shows the time dependence of the delayed gammas, using the 36% enrichment sample. The results qualitatively reproduced well those obtained in ref. [2] .
Following validation, the irradiation schemes described in section 4.1 were applied to all samples (see section 4.2). Namely, the plastic-SiPM assembly and the measured samples were located inside the cavity of PUNITA, near the neutron generator. Figure 5 presents the results obtained for Figure 5 . Plots of count differences between U 3 O 8 samples and the lowest enrichment (depleted) uranium in several time windows, vs. sample enrichment. Two energy discriminations are presented: energy threshold I (A); and energy threshold II (B). The first two time windows (diamonds and filled circles) represent the short time scale of milliseconds, where the epi-thermal and thermal neutron population are dominant, and gammas are related to the prompts process. Other time windows (triangles and stars) present the long time scale of seconds from the generator pulse in accordance with the delayed processes. The y-axes represent the counts obtained in 30K pulses of the generator. the U 3 O 8 powder samples. The counts differences from the lowest enrichment (0.3%) are plotted as a function of the enrichment. Threshold levels I and II were used to produce the results in figures 5A and 5B, respectively. These thresholds were applied for both short and long time scales, related to the prompt and delayed gammas.
In order to study the induced fission contribution in the plutonium samples, the 240 Pu spontaneous fission part was measured separately and then subtracted from the total number of detected gammas. The gamma yield from the neutron irradiated Pu was measured by the plastic-SiPM assembly, as presented in figure 6 . Figures 6A and 6B show the data when the energy thresholds I and II were applied, respectively. The spontaneous fission part was negligible at the short time 
Discussion and summary
A new detector concept for SNM detection and quantification is demonstrated based on a plastic scintillator optically coupled to a SiPM via a wavelength shifting fiber. This is a low cost concept, scalable and modular, which is appealing to any large scale application such as drum monitor. In addition, minimal neutron activation and damage occur in this detector, which allows gamma measurements in the vicinity of the neutron source without significant degradation or bias.
Using this detector at the PUNITA facility, we were able to study the SNM induced fission signature, based on both prompt and delayed gammas. The two physics regimes were distinguished using a pulsed neutron source, where gammas have been measured on time scales of milliseconds to tens of seconds from the neutron irradiation pulse.
The signatures from the different time windows are summarized in figure 7 , which is based on the data from U 3 O 8 sample measurements. For each time window presented in figure 5 , a linear fit was made to the gamma counts as a function of enrichment. The fitted slope represents the sensitivity of a specific time window to the enrichment level. Using log-log scale, figure 7 shows the sensitivity obtained per each time window for prompt and delayed gammas. Both energy thresholds are shown on the same plot. In this case, the prompt gammas and the energy threshold I provide a better sensitivity than the delayed gammas and the energy threshold II. The sensitivities in all time windows are higher by about an order of magnitude when applying threshold energy I in comparison to threshold level II.
The motivation of this research is to provide a tool box which will allow optimizing the measured SNM signature per source neutron, in order to keep the neutron economics efficient. Improving the SNM signature per neutron will also allow reducing neutron irradiation dose and as a consequence, reduce the activation processes in the screened cargo and in the detection assembly, -9 -
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including the measurement hall and structure materials. The dependence of the gamma count rate on time scale is indeed an additional unique observable correlated with SNM.
